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plonts is increosing os some moioi
socrol, economic, energetic ond
environmentql consfroins oru mor"
ond more offecting the gloss indu-
stry. Growing oworeness for sofer,
cleoner, checper, lighter, foster onj
betler production hos iurned the
inveslment in Reseorch ond Deve-
lopment, o strotegic priorify for fhe
modern gloss industrv. This DoDer
is qimed of discussing the mojel-
bosed conrrol technoloiie, fo, gL;,
furnoc-e. operotion optimisorioi os
port of this R&D efforr.
Speciol demonds in refroctories,
burning syslems, furnoce or.hit".j
fure, preheoting devices, instrumen-
fofion -ond control ore good exom-
ples of fields where rhe-technoioo,,
tronsfer from other industriol orZl
cesses is not stroiqhtforword.
This, is.nowodoys- hoppening in the
treld of control technologies, when
recently developed physiJolfboseJ
mothemoticql models stort lo be
port o[ odvonced control ,vrtum
ond the development of new:."tuo|
ond op-erotion stroiegies is one of
the.solest woys to improve the
equrpment efficiency.

he.pressure to improve the ope-
rotion efficien.y of gloss moking
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ler contoiners with increosed
strength ond durobility. ln the soe-
ciol glosses sectors, the indusrrv is
subjected to o boord rong" of ne*
demqnds. All these reqJirements
will impose speciol needs to im-
prove the operotion process ond in-
troduce new complexities in the pro-
duction choin. This is onother reo-
son which exploins why control sy-
stems in gloss industry ore beco-
ming o strotegic R&D topic (3).

2 - GI.ASS FURNACE MATHEMATI.
CALMODETTING

ln this chopter o simple ond short
clqssificotion of the modelling rools
used in odvonced control strJteoies
is proposed to help the undersLn-
ding of the further'presenrotion of
model-bused control olgorithms.

ldentificotion models - ln rhis mo-
dels, process doto is freoted tvoi-
colly by block box module *hur"
stondord functions ore odiusted to
reproduce doto identified irom the
industriol system. The flexibiliv ro
hondle o lorge number of indusiriol
systems ond the proximify to the in-
dustriol system oie the roin oduon-
toges of these models. Following the
some opprooch, more recendy neu-
rol networks beins used to'build
identificotion mod6ls. Appticorion
exomples in gloss industry. simultr:-.
neous temperoture ond outlel gos
composition on-line prediction toie i.

I .INTRODUCTION l.l - The need of modern controt
syslems for complex processes

The development of odvonce control
ond supervision syslems ore beco-
ming on importont focbr in helpinq
gloss industry copoble to oclrieul
slrotegic developments in the fol-
lowing directions (1, 2l: to morket
new gloss.products (ultro-light con-
toiners, ultro-thin ponels 

"tc.); to
meet environmentol regulotion ot
low cost (ovoiding the usi of expen-
sive pollution controlling devices); to
protect the workers environment ond
sofety (meeting emerging sociol); to
reduce the equipment size, com-
plexity ond degrodotion (lowering
invesiment cosfs|; to decreose thi
gnergl ond row moteriols consump-
tion (lowering operotion costs); io
improve the product quoliry ([ee-
ping low cosrs); to flexibilize the
production choin (responding to he
morketing demonds).'

1.2 - The need of modern control
s.ystems for sophisticoted gloss pro-
ducls

Future trends in gloss industry ore
strongly reloted wirh the devlloo-
ment of new products. ln the flot
gloss sector the mqrkets qre more
ond more demonding for muhi-
functionol glozing. tn .o"ntoine, glors
lhe response to,the competitio-n of
metols ond polymers conloiners
seems to be the development of ligh-
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used in.the regulotion of fuel iniec-
tion ond oir/fuel rqtio.

Single equotion physicolly-bosed
models - Simple lows ore odiusted
to describe the behoviour of indu-
striol systems through the correlo-
tion of process doto. From o pre-
viously known relotion between o
process poromeler ond o porticulor
feoture of the industriol system, o
mothemoficql function is sei-up ond
odiusted with meosurements. Appli-
cotion exomples in gloss indusiry:
inslontoneous debrminotion of fuel
efficiency using temperolure ond
moss flow roie meosurements.

2.1 - Physicolly-bosed simulotion
models
These models ore bqsed on comolex
numericol solvers for the eouotions
thot govern the behoviou, of th" r.e-
levont physicol phenomeno occur-
ring in the industriql equipment.
The procticol use of these models in
control of industriol gloss melting
fiurnoc-es is presenily giowing os thi
cost of these models in control of in-
dustriql gloss melting furnoces is
presently growing os ihe cost of os-
socioted hordwore is becoming
lower. Howeuer, only very recentli
dedicoted control tyrtert'boted on
these modelling tools stort being
ovoiloble (4, 8)]Exomples of possi
ble opplicotions moy'be given os
followst
- Optlmal operotion strofegres. The

on-line generotion o[ operotion
scenorios to be used in ihe outo-
motic seorch of optimol working
conditions.

- Process dalo reconstruction.
Dedicoted three-dimensionol nu-
mericol models con be used to
colculote, ofFline, non occessible
process dolo.

- Experl systems.
Soph.isticoted modelling tools
moy be used to build or-to em-
body knowledge-bosed systems
port of expert systems which con
be used to ossist the operotion.

- Tomogrophic modelbosed obser-
vation.
Dedicoted firee-dimensionol mo-
dels con be used to reconstruct
fields of relevont vorioble using

os input the current stote of the
furnoce operotion.

- On-line operotion optimisoton.
Simplified' ond dedicoted muhi-
dimensionql models when cou-
pled.with optimisofion olgorithms
con be used for the seFup of on-
line optimisotion loops.

3 - MODET.BASED PREDICTIVE
CONTROT OF GTASS.MAKING
SYSTEMS

ln this chopter some exomples of
identificotion model-bosed predic-
tive controllers ond of phvsicollv-
bosed model utilisotion' in' oduol-
ced control strotegies ore given.
tdentifi coti on- roiel bo s"d predi ctive
controllers
Troditionolly, mosl industriol proces-
ses were controlled in o orimory
loop by loop bosis where'r"u"rJl
locol set-points were reguloted
using odjusted Proportionol, lnte-
grotive, Derivotive (PlD) controllers.
This wos, mostly, o single-input/sin-
gle-output opprooch. However, oc-
cordingly to the current demonds of
quolity, flexibiliry, efficiency ond so-
fefy imposed to the industriol pro-
cess, clos.sicol cgntrol strolegies
proved to be insufficient. luis Ayolo
(9) presented o structured logic
contioller for the foreheorth temJe-
roture control. ln this *ork, expe-
riences on the development of FtO
bosed controllers ore compored
with srructured logic bosed control-
lers. PID controllers proved to be
unoble to odequotely sotisfy oll the
conirol requirements without opero-
tor intervention due to the eflect oi
disturbonces from preceding zones.
Feedforword conhol wos piesented
os on ohernotive to occommodole
the upstreom disturbonces. Coreful
modelling of the foreheorth process
wos proposed. The use of odoptive
self tuned or, olternoiiuely, on:line
tuned model-bosed controllers wos
investigoted.
A similqr problem in the gloss mel-
ting production is the regulotion of
the gloss temperoture in floot oloss
melting tqnk outler. The hJouv
gloss-melt inertio ploys o decisive
role in the behoviour of the outlet
temperoture. Tokofumi lto ond Shoii

lnoboyoshi (10) proposed on odop-
tive modei-bosed control strotegy to
reduce temperoture instobility in o
floot gloss melting furnoce. A pro-
cess computer, networked to o
workstotion, wos used to cqlculote
the eslimoted volues of the identifi-
cotion modei. model onolvsis ond
controllers tuning were done in the
workstotion. Promising resuhs were
obtoined, olthough, siobilising con-
trol by simple identificotion models
does not ollow the optimise the ope-
rotion os required for such o com-
plex process. Artificiol intelligence
techniques were suggested i; (,l0)
os o bosis for the development of
optimol process control.
A fully block-box opprooch wos fol-
lowed in the development of on
odoptive predictive control proce-
dure for the gloss melting furnoce
bottom temperoture by J-F. Simon
ond V. Wertz (1 l). Historic treot-
ment of process doto reporting
gloss qroliry levels wos done to fini
the correct temperoture set-points,
speciolly bottom temperoture set-
point, for good product quolity. A
coscoded control strotegy in three
l-evels wos proposed. The moior dif-
ficulties ore: to hondle the lorge
thermol inertio of the melting tonk
ond to bolonce the big relotive im-
portonce of perturbotions. An iden-
tificotion model wos developed ond
used for conlinuous testing of the
best crown temperoture profile to
be used for the more stoble bottomtemperoture reponse, A
feedforword compensotion of pre-
dictoble voriotioni ond o feedbock
compensotion o[ the unpredictoble
perturbotions were sel. A model
od[ustment procedure wos used to
keep fte model predictions closer to
the furnoce behoviour. This control-
ler wos tested with promising results
in two cross fired furnoces. A simi-
lor opprooch wos olso proposed by
Toichiro Nokogowo ond Tokio Ki-
muro (12) to control the bottom
tempe-roture, together with o sugge-
sted lusion, in o multi-vorioble
hybrid control system, of quolitotive
ond quontitotive process doto.
Aimed ot overcoming the difficulties
ossocioted to the regulotion of fully
mu.lti-input/multi-output processes
in bosis of conventionql identifico-
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tion-model bosed controllers, Shi
Jing Zou. ond Chen yong yi (13)
proposed o Fuzry Logic -ontrollei
to regulo-te o gloss tubing process.
A single fuztllogic contrj ltop ho,
been creqted to regulote the gloss
tubes outside diom"-te, in o do"nner
process.
A very interesting first ottempt of
combining, in o control qnd supervi-
sion hierorchicol system, plD 6osed
locol control loops, neurol network
bosed prediclive zonol control ond
o fuzrylogic wos presented bv D.K.
Pirovolou ond co-ourhors (l{. This
methodology wos opplied to the op-
timol control of o <gos heorth> used
in monulqcturing of outomobile
door windows, o process where the
quolity requirements ore very strict.
The so-colled <gos heorth>> in o sort
of tunnel kiln which con be devised
into o number of zones where locol
control loops for top ond bottom
lemperotures ond pressure were
used. A polynomiol neurol network
wos used os on identificotion model
copoble to hondle with the process
djmensionolly ond complexiiy. Soti-
stoctory results in determining the
overoll process set-points ondlocol
corrections to the PID controllers set-
points were roported in (14). An
odditionol importont feoture wqs the
copocity of preventing operotion di-
sturbonce propogotion olong the
tunnel kiln limiting the impoct of
production instobilities ond'uncon-
trolled fluctuotions.

dimensionol models mqke it to be
o priority tool for the treotment of
strongly multi-input/multi-output
situotions"

- the physicolly-bosed models rely
on the soluiion of the octuol ohvsi-
col phenomeno. Thus, its prejic-
tive copobility ollows to evoluote
the system reoctions under opero-
ting conditions.

The recenfness of the phvsicollv-bo-
sed models use in industriol'oro-
blems solution mqy exploin why
only o very few oppiicotions in conl
trol of gloss melting units hove been
presented yet. Below some pioneer
works in these field ore referied.
E.D. Former {15) developed o mo-
del-bosed odoptive contiol sirqteov
for the optimol control of the fr"l Ji-
ficiency in the gloss melting furnoce.
This system wos oimed ot minimi-
sing, on-line, the fuel consumption.
A physicolly-bosed ollows to visuo-
lise the instonloneous enerqv effi-
ciency ond estimote the NO>iformo-
tion. A conventionol odoptive con-
trol technique wos used to moximise
the energy efficiency, nomely tokino
profit from the use of disiributei
burner control.
R. Sims presented ('16) o supervision
sysiem for the foreheorth operotion.
Set-poinfs for the loco.l control loops
were corried out by the supervision
system. An on-line odiusted phvsi-
colly-bosed model is used in'three
moin olgorithms: temperoture stobi-
lisotion, temperoture homogenising,
;ob chonge operotion ossistonce
module. Results of the utilisotion of
fiese three functions were presenled
in ('16).

for control, speciolly to improve the
product quolity. ln thot work, sophi-
sficoted modelling tools hove been
used to obtoin operotion rules.
Those rules were used to form o
knowledge-bose.system port of on
innovotive control strotegy oimed to
ensure high levels of gloii quolity. A
tuzzy logic controller hos been
odopted to supervise the furnoce
operotion. A procticol exomple
where the response of o gloss-mel-
ting furnoce to colour chonges hos
been optimised through thoicontrol
shotegy is presented in (l B).
The overoll gloss melting choin is o
complex ond.sensitive sysfem. lts
reoctions ore broodly zone-fo-zone
correloted ond strongly non-lineor.
These ospectr ore dri"uing the deve-
lopment of sophisticoted model-bo-
sed control strofegies, nomely using
in neurol networks, fuzzy conlrol
theory ond physicolly-bosed mo-
dels, os it could be drown from the
obove described contributions.

4 - APPTICATION EXAMPTES

Some exomples of model utilisotion
for gloss melting operotion optimi-
sotion ore given in this poper. The
first two opplicotion exomples con-
cern the utilisotion of o ohvsicollv-
bosed dynomic model for both ol-
line optimisotion ond stobilisotion.
An exomple showing the three-di-
mensionol model copobilities for on-
line ossessment of on ory-fuel mel-
ting furnoce performonce'is olso gi-
ven.3.1 - Physicolly-bosed model

utilisotion in odvqnced conhol sho-
legies

Physicolly-bosed models present th-
ree mojor odvontoges for use in
control:
- the physicolly-bosed models ollow

the diognostic of the industriol sy-
stem operotion beyond the ovoilo_
ble process doto, like the thermql
efficiency, for instonce.

- the shongly coupled systems (hi-
ghly multi-input/multi-output sy_
stems) ore noi eosily occommodl-
ted by identificotion models, even
using neurol nefworks. The spotiol
resolution ond the coupled'cho-
rocter of physicolly-boied three-

An other exomple of the phvsicollv-
bosed models use in gloss'melti,ig 4.1 - A physicoltv-bosed dynomic
.s1stems, 

control is sivei pr Ni.olol ,"a"r'iJ*i"."lii"il"LJrriii,
Vonondruel (ond co-outhors) (12).
ln fhol p,op"t o. conhol function is A physicolly-bosed honsienr model-
L:"ff::i 1i b,osis of resutrs of non- tinil root ;"t;J;;h'on-op,iriro-
steody,three-dimensionol modelling rioi orgorirh; ;; ;;;;i5'ro^i-ot o gloss melting tonk. This work mise qomo aqcanli^l L,* ^^^_-^^.^of o gloss melting ionk. This mise some essentiol but non-senso-
::^"T:1, ot finding the rime re- red ft.,rnoce operotion poromerers.
po.nse constonts of temperoture ond
velocity qt severol locotions where
meosurements in reol conditions 4,2 -Thephysicoily-bcsed dynomicwould not be possible. model
R. Bouer (ond co-outhors) hos : , . ,:,,,,'i.,,,shown.(l8l qs the currenr improve- Due to the slrong interdction
ment of the copobiliries of morhem-o- b"r**n rd;;itffi;;ili
ticolsimulorion models con be useful the gloss furnoce,yrr"r, ilr.v.,;:
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Fis, | ' G.lass end'porl furnace considered subsystems for physicotly-bosed time-depen-
dent modelling.

Fig.2 - Furnoce pull rote (kg/sl.

peroture deviotion respecting to o
given torget is considered to clossify
the furnqce operotion stobility. Two
dedicqted opiimisotion olgorithru
were developed to find optimol ope-
roting conditions for the furnoce
operoiion. These olgorithms ore bo-
sed on the so-colled <hill ciimber>
opprooch. They ore designed to
moximise the stobility ond perfor-
monce index. The modelling tool is
used to supply doto to the optimiso-
tion olgorithm concerning the clossi-
ficotion of neor fuiure operotion sce-
norios.

4.4 - Applicotion results - perfor-
monce mqximisotion

A model-bosed optimol control strq-
tegy wos tesfed for future on-line
opplicotion in the operotion optimi-
sotion of o regenerotive end-port
furnoce. The furnoce pull.is given by
Fig. 2. The operoting conditions
with ond without the optimol control
olgorithm ore shown in Fig. 3 io 5
where the profiles of fuel llow rote,
glo,ss temperoture ond gloss quolity
index ore shown. The proposed
control strotegy is oimed ot em-
bodying o supervision system copo-
ble to give to the operoior the neor
future moin operotion porometers
qble to ensure gloss optimol produc-
tion.

4.5 - Applicotion resuhs - stobiliso-
tion

The obove described model-bosed
lptimol control strotegy wos tested
for the stobilisotion o[ the some fur-
noce operotion.
A step-wise chonge in the pull rote is
inlroduced to exemplity the olgo-
rithm use. The consequ"n.", forih"
furnoce operofion of thot sudden
chonge were simulqted under o
constonl crown temperoture profile.
As shown in Fig. 6, the ouilet gloss
temperoture decreoses until o new
temperoture level, eventuolly for
trom on operotion iorget. Using the
developed model-bJsed optTmol
control strotegy, the gloss outlet tem-
peroture-con be stobilised by meons
of feedforword octuotion in th"

specting its dynomic behoviour, the
developed model is bosed on the
colculoiion of the heot ond mqss
tronsfer between oll the furnoce
considered subsystems (figure 1).
The regenerotive chombers were si-
muloted os on one-dimensionol sy-
stem olong which energy ond mix-
ture froction convective/diffusive
tronsport equotions were solved.
The gos emissivity is colculoted th-
rough the grey goses mixture proce-
dure {19). The convective heoi tron-
sfer coefficient wqs colculoted using
o stondord correlotion (20).
ln the combustion chomber, the moin
heot tronsfer process is the rodiotive
exchonge between the hot qoses
ond the enveloping surfoces. in the
presenl simulotor the rodiotive tron-
sfer is solved through the rodiosity
equotions (21). The botch flootino
over the gloss-melt, is in the pr"r"n"t
model, divided in two stoqes. the
heoting stoge ond the meltirig stge.

The solution procedure is bosed in
the colculotion of non-steodv heot
ond moss for eqch one of the'obove
referred componenfs.

4.3 - Th9 on.line operofion optimi-
sotion olgorithm

' Two merit functions were colculoted
from the obove described dvnomic
model results: 1 ) overoll furnoce
performonce; 2) furnoce output sto-
bility.
The performonce merit function is
conlinuously colculoted from the
obove described time-dependent
model results. An index is computed
through heuristic relqtions -hi.h
moke possible on on-line clossificq-
tion of the furnoce performonce.
The relevont porometers were consi-
dered in the development of this
pertormonces merit function. The
computotion of the gloss outlet tem-
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fig.3 - Fuel inlet rate (kg/s),

Fig. 4 - Auilel glass temperature (=.C)

Fig. 6'crown temperdture, glass meh ouiler remperature predicted ond rorgered,

crown temperoture. The effect of this
oction is illustroted in Fig. 7 where
the stobilisotion of the outlet oloss
temperoture is shown to be oih;e-
ved, with the colculoted crown tem-
peroture profile. The proposed con-
trol strotegy ollows to give to the
operotor ihe neor future profiles of
the furnoce porometers oble b en-
sure stoble gloss production.

4.6 - Three-dimensionol simulotion
of on oxy-fuel furnoce operotion

A three-dimensionol mqthemoticol
modelling describing the physicol
phenomeno occurring in-o 

-gloss

tonk furnoce hos been develooed.
This model is bosed on the ,olrtion
of conservqtion equotions for moss,
momenlum, energy ond combustion
reloted chemicol species, ond com-
prises three moin coupled sub-mo-
dels: the combustion chomber, the
botch melting ond the gloss ronk
(23). The three moin sub-models
were coupled by o cyclicol iferotive
way 1241.
Combustion chqmber model incor-
porotes physicol modelling for the
turbuleni dilfusion flome, sooi for-
molion ond oxidotion, NO formo-
tion ond dissociotion, porficles en-
troinment, formotion ond tronsport
ond rodiotive heot tronsfer. The
time-overoge equotions for the con-
servotion of momentum were used
os well os the equotion for the con-
servolion ol energy 1221.
Botch melting model incorporotes
physicol modelling for the heot tron-
sfer ond melting down process. The
conduclive heot tronsfer occurs only
in botch depth direction {23}. Gloss
tonk model incorporotes physicol
modelling for the flow ond'heot
tronsfer of the molten gloss {24}.

4.7 - Applicotion results - evoluo.
fion of NOx formotion criticol
region

The obove described three dimen-
sionol model wos opplied to the
evoluotion of o lorge'iize oxy-fuel
gloss melting furnoce. ln figure 8, o
verticol plone cufiing onu oF the ory-
fuel burners wos ielected, os on

'i

rl

Fig. 5 - Giass quality index.
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F!e. 7 ".!9wn teypeloture, gloss meh outlet temperoture predicted ond torgeled, using
the model-based feidforwordcontrol algorithm.

Fig. 8 - Predicled NOx concentration inside o lorge size oxy-Iuel combuslion chamben

lisotion of the obove considered fur-
noce is presented to show the spo-
tiol distribution of porticles inside
the combustion chomber of o gloss
melting furnoce. This copobiliV moy
be speciolly useful os it is very diffi-
cult to estimote the behoviour of the
porticles entroinment, formotion ond
tronsport mechonism inside o com-
bustion chomber. The octuotion on
the furnoce operoting condiiions for
reduction of porticle emissions moy
be q difficult tosk without o simulo-
tion tool helping the furnoce opero-
tion teom. The use of o physicolly-
bosed three-dimensionol modelling
tool os the one here presenled is q
promising olternotive to the deve-
lopment of porticle emission doto-
boses which would be exponsive
ond evenluolly not opplicoble but
for o short ronge of operoting sce-
norios.

5. F]NAL REMARKS

Gloss industry is oimed ot moking
gloss products ot o quolity/cost ro-
tio os high os possible. The outhors

exomple, for the visuolisotion of the
NOx concentroiion inside the com-
bustion chomber. ln this figure the
locoliorr of the high concentrotion
grodients ore well opporent neor
the flome envelope.
The ovoilobility of such o result moy
be speciolly useful for the under-
stonding of the NOx formqtion me-
chonisms under octuol operotino
conditions. This moy be specioll|
importcrni os it is know thot the
octuol high Mx formqtion rofes
moy present completely different
potlerns inside on oxy-fuel combu-
stion chcrmber when comporing with
oir-fuel conventionol combustion
systems. The octuotion on the [ur-
noce operoting conditions for reduc-
tion of NOx emissions in on oxy-
fuel melting furnoce, speciolly'o
lorge one, moy be o difficult tosk.
The ovoilobility of decision oiding
tools to the furnoce operotion teom
moy be on importont contribution to
eosy thol iob. The developed three-
dimensionol models is oimed,
omong other opplicotions, ot em-

bodying o model-bosed knowledge
system dedicoted to the help the fur-
noce operolion optimisolion.

4.8 - Applicolion resuhs - visuqliso-
ton of the porticles distribution
inside the combustion chomber

ln Fig. 9, o firee dimensionol visuo-

believe thot odvonced conlrol, su-
pervision ond co-ordinotion tools
moy be in the neor future on impor-
tont foctor to help gloss industry to
increose thot rotio.
This poper concerns the use of
mothemoticol modelling tools in the
development ond operoiion of od-
vonced outomotic systems for con-
trol, supervision ond co-ordinotion

Fig.9 - Predicled porticles concentration inside o large size oxy-fuel combuslion chamber.
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of the gloss melting process. Severol
recent developments ond opplico-
lions were discussed os well os
some _opplicofion exomples were
described. From these exomoles. it
moy be concluded thot modellino
tools use in control tend to be one o"f
the more octives R&D fields in oloss
melting process technology, os' the
following proposed ones:
- continuous development of odvon-

ced physicolly-bosed multi-dimen-
sionol mothemoticol models with
high levels of performonce to be
used in. strongly multi-input/multi-
output/multi-tosk outomotic con-
trollers ond supervision systems.

- development of fusion jgorithms
combining fhe odvontogeiof phv-
sicolly-boied models o"nd oalol-
ced identificotion models os neu-
rol networks bosed ones.

- deuelopment of odvonced opiimi-
sotion olgorithms copoble to use
in o economic woy model-genero-
ted doto in proclss conttl ond
optimisotion.

- development of interconnection
slrotegies for hierorchicol use of
model-bosed olgorithms for the
development of ploni-wide
co-ordinolion ond supervision qu-
tomotic syslems,

Plont wide ossociotion of sophistico-
ted unit conhollers with supervision
expert systems moy leod the deve-
lopment of outomotic co-ordinotion
systems moking possible the future
reqlisotion -of computer integroted
gloss monufocturing.
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